INTRODUCTION
The γ-amino butyric acid (GABA)ergic system, which includes GABA, GABA receptors, glutamate decarboxylase (GAD, the enzyme that synthetizes GABA), vesicular inhibitory amino acid transporter (VIAAT; the vesicular protein involved in GABA storage), GABA transporters (GATs) and GABA transaminase (GABA-T, the enzyme that catabolizes GABA), has inhibitory functions in the central nervous system of vertebrates, Increasing investigations are showing that immune cells also possess the GABAergic system. 1 For example, GAD and the GABA receptor have been found in macrophages, and GAD, GATs, GABA-T, and GABA receptors are found in T cells. 1 This promotes to investigate the regulatory function of GABAergic system in activation and function of immune cells. GABAergic agents directly inhibits the function of antigen-presenting cells to reduce subsequent inflammatory responses to antigens; thus, GABA ameliorates paralysis via inhibition of inflammation in mouse model of experimental autoimmune encephalomyelitis. 2 Likewise, results from other investigations also support the conclusion that GABAergic system inhibits the immune responses. [3] [4] [5] However, GABA promotes intestinal Th17 cell differentiation and interleukin-17 (IL-17) expression during enterotoxigenic Escherichia coli (ETEC) infection in piglets and mice. 6 Thus, the effect of the GABAergic system in the immune system needs further investigations.
GATs terminate GABA signaling by mediating translocation of GABA from the extracellular to the intracellular space. 7 There are four types of GAT: GAT-1 (SLC6A1), GAT-2 (SLC6A13), GAT-3 (SLC6A11), and BGT-1 (SLC6A12). Among them, GAT-1 and BGT-1 are detected in T cells. 7 GAT-1 −/− mice are more susceptible to experimental autoimmune encephalomyelitis, and show increased expression of inflammatory cytokines, including interferon-γ (IFN-γ), tumor necrosis factor-α, IL-6, IL-23 IL-17, and IL-12, because GAT-1 negatively regulates T cell activation and T cell-mediated responses. 8, 9 However, whether T cells express GAT-2, and the role of GAT-2 in T cell-mediated responses, especially Th17 responses, is still unknown. Thus, this study was designed to uncover this issue with in vitro model of Th17 cell differentiation, and with a conventional gene-targeting approach used to delete GAT-2 in mice.
Here, we found that there is significant metabolic profile between naïve T cells and Th17 cells, especially about GABA shunt pathway. GAT-2 deficiency has little effect on the metabolic signature in naïve T cells; however, GAT-2 deficiency impairs the GABA uptake and GABA shunt pathway in Th17 cells. GAT-2 deficiency has little effect on the T cell development and peripheral T cell homeostasis; however, it promotes Th17 cell differentiation. Mechanistically, GAT-2 deficiency promotes the differentiation of Th17 cells through activation of GABA-mTOR signaling. In a mouse model of intestinal infection and inflammation, GAT-2 deficiency promotes Th17 responses.
Mice

Rag1
-/-mice were the gifts from Prof. Xinming Jia (Department of Immunology, Tongji University School of Medicine, Shanghai, China). Slc6a13
-/-mice (in C57BL/6J genetic background) were generated by a conventional gene-targeting strategy, in which coding exons 2 were replaced with a PGK-neomycin-resistance cassette (Fig. 1a) . Heterozygous Slc6a13 +/-mice were bred to generate age-and sex-matched homozygous GAT2-ablated (Slc6a13 -/-) and WT (Slc6a13 -/-) mice. Genotyping PCR primers are listed in Table S1 . Mice were conducted according to the guidelines of the Laboratory Animal Ethical Commission of the Chinese Academy of Sciences.
ETEC infection in mice Mice were orally gavaged with 10 8 CFUs of ETEC. At 6 h post infection, mice were sacrificed to collect the jejunum, and the samples were stored at −80°C until processing. For Th17 cell population analysis, the mesenteric lymph node (MLN) samples were collected at 5 days post infection.
Citrobacter rodentium infection of mice Mice (6 weeks of age) were orally gavaged with 10 8 CFUs of Citrobacter rodentium (DBS100). The colon and spleen samples from all groups were collected for further analysis at 7 days post infection. For Th17 cell population analysis, the MLN samples were collected at 10 days post infection.
Lipopolysaccharide challenge in mice Mice were challenged with lipopolysaccharide (LPS) by intraperitoneal injection with dosage of 10 mg/kg. At 48 h of challenge, mice were sacrificed to collect the jejunum and lung.
T cell transfer model of infection Naive T cells from WT or Slc6a13
-/-mice were isolated and transferred via i.v. injection to sex-matched B6 Rag1 −/− recipient mice (5 × 10 6 cells/mouse). Then, mice were infected with ETEC or Citrobacter rodentium at following day, and the tissues were collected as described above.
T cell differentiation Naive CD4
+ T cells were isolated from mouse splenocytes using a CD4
+ CD62L + T cell isolation kit II (Miltenyi Biotec, purity >95%). For Th17 differentiation, cells were stimulated with anti-CD3 (2 μg/ml, 100313; Biolegend) and anti-CD28 (2.0 μg/ml, 102111; Biolegend) supplemented with 5 ng/ml TGF-β1 (7666-MB-005; RD), 20 ng/ml IL-6 (575702; Biolegend), 10 μg/ml anti-IFN-γ (505812; Biolegend), and 10 μg/ml anti-IL-4 (504107; Biolegend) for 1-3 days. For Th1 differentiation, cells were stimulated with anti-CD3 and anti-CD28 supplemented with 10 ng/ml IL-12 (210-12-2; Peprotech) and 10 μg/ml anti-IL-4. For Th2 differentiation, cells were stimulated with anti-CD3 and anti-CD28 supplemented with 10 ng/ml IL-4 (214-14-5; Peprotech), and 10 μg/ml anti-IFN-γ. For Treg differentiation, cells were stimulated with anti-CD3 and anti-CD28 supplemented with TGF-β 1 (5 ng/ml), IL-2 (10 ng/ml, 212-12-5; Peprotech), anti-IFN-γ (10 μg/ml) and anti-IL-4 (10 μg/ml). In some experiments, bicuculline, rapamycin, LPS, and GABA was added with indicated concentrations.
Flow cytometry analysis Lymphocytes isolated from mouse thymus, MLN, and spleen were stained with cell surface markers of CD3 (FITC-CD3, 100203; Biolegend), CD4 (PE-CD4, 100407; Biolegend), CD8 (APC-CD4, 100711; Biolegend). For the analysis of intracellular cytokine, CD4 + T cells were stimulated with PMA (50 ng/ml), ionomycin (1 μg/ml), and monensin (3 μg/ml) for 5 h. After staining with cell surface markers, intracellular cytokine staining was performed with a fixation and permeabilization kit (eBioscience) and IL-17A Ab (APC-IL17A, 506195; Biolegend), IL-4 Ab (APC-IL4, 504105; Biolegend), IFN-γ Ab (FITC-IFN-γ, 505805; Biolegend), or Foxp3 Ab (FITC-Foxp3, 11-5773-80; eBioscience) in accordance with the manufacturer's instructions. Flow cytometry was performed on a FACSCalibur (BD Biosciences) and data were analyzed using the FlowJo Software (Tree Star).
Metabolite profiling analysis Metabolite concentrations in T cells were quantified using liquid chromatography triple-quadrupole mass spectrometry (LC-QqQ-MS), 11, 12 which is targeted metabolomics simultaneously analyzed up to 206 metabolites (Supplementary File 1).
Tissue histological examination This was performed using hematoxylin and eosin (H&E) staining. Briefly, mouse lung samples were fixed with 4% paraformaldehyde-PBS overnight, and then dehydrated and embedded in paraffin blocks. Section of 5 μm was cut for histological analysis. The sections were deparaffinized and hydrated, and then stained with H&E. Five mice were studied from each group. The data collectors were unaware of the treatment status of the examined slides. Inflammatory index were scored separately from 0 (lesion absent) to 3 (severe lesion) based on a previous method. 13 RT-PCR Real-time PCR was performed according to our previous study. 6 Primers (Supplementary Table 1) were selected according to previous references. β-Actin was used as an internal control to normalize target gene transcript levels.
Immunoblotting
Immunoblotting was performed according to our previous study. 6, 14 Signal intensity was digitally quantified and normalized to actin or GAPDH protein abundance.
Counting of bacteria Intestinal tissues were homogenized in saline and then serial diluted and plated on MacConkey agar for ETEC and Citrobacter rodentium. Bacteria were enumerated after 16 h of growth at 37°C. The counts were further verified by PCR with specific primers. Fig. 1 The influence of Slc6a13 deficiency on T cell development in the thymus and peripheral lymphocyte profile. Statistical analyses Data shown are the means ± the standard deviation (SD) or standard error of the mean (SEM). Data were statistically analyzed according to our previous papers. 6, 15 Data between two groups were analyzed by unpaired t-test (Prism 6.0) if the data are in Gaussian distribution and have equal variance, or by unpaired ttest with Welch's correction (Prism 6.0) if the data are in Gaussian distribution but show unequal variance, or by non-parametric test (Mann-Whitney U test, Prism 6.0) if the data are not normally distributed. The Gaussian distribution of data was analyzed by D'Agootino-Pearson omnibus normality test (Prism 6.0) and Kolmogorov-Smirnov test (Prism 6.0). The variance of data was analyzed by Brown-Forsythe test (Prism 6.0). Differences with P < 0.05 were considered significant. 
RESULTS
Slc6a13 deficiency does not affect T cell development in the thymus and peripheral T cell homeostasis
In this study, we employed a conventional gene-targeting approach to delete GAT-2 in mice (Fig. 1a-c) . Slc6a13
-/-mice were born at expected Mendelian ratios and did not show obvious abnormalities in growth or survival (data not shown). These mutant animals also had normal thymocyte development, as revealed by the comparable frequencies of thymocyte subpopulations in the Slc6a13 +/+ and Slc6a13 -/-mice (Fig. 1d) . To examine (Fig. 1e) . Also, the frequencies and absolute numbers of
+/+ and Slc6a13 -/-mice (Fig. 2a) . Then, we analyzed the expression of cytokines in the jejunum of the Slc6a13 +/+ and Slc6a13 -/-mice. Slc6a13 -/-mice had higher expression of Il-4, but similar levels of expression of Il-1β, Il-6, and Tgf-β1, Il-17, as compared to Slc6a13 +/+ mice (Fig. 2b) .
Slc6a13
-/-mice had a moderate decrease in the expression of Il-23 ( Fig. 2b) , as compared to Slc6a13 +/+ mice. Collectively, these data show that slc6a13 deficiency does not affect T cell development in the thymus and peripheral T cell homeostasis.
Slc6a13 deficiency inhibits GABA transport and cellular GABA shunt pathway during Th17 cell differentiation Previous investigation shows that GABA affects Th17 differentiation; thus, we compared the expression of GAT-2 in naïve T cells and Th17 cells. The protein abundance of GAT-2 was hardly detected in naïve T cells, while it had a high abundance in Th17 cells (Fig. 3a) , suggesting GAT-2 is involved in GABA transport during Th17 cell differentiation. GAT-2 expression was also detected in Th1, Th2, and Treg cells (Supplementary Figure 1) . Then, we compared the cellular level of GABA and other metabolites between naïve T cells and Th17 cells with metabolomics. There was a significant difference in the cellular metabolites profile between naïve T cells and Th17 cells after principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) (Supplementary Figure 2A) . Among 53 different metabolites, 9 metabolites (IMP, kynurenine, lactic acid, tyrosine, vitamin B 2 , myo-inositol, tryptophan, aspartic acid, and pseudouridine) decreased, while 44 metabolites, including GABA, increased in Th17 cells, as compared to naïve T cells (Fig. 3b) . After KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis, the differentiation of Th17 cells affected five metabolic pathways, including alanine, aspartate and glutamate metabolism, arginine and proline metabolism, purine metabolism, glycine, serine and threonine metabolism, and riboflavin metabolism (Fig. 3c) . Notably, the metabolites in the GABA shunt pathway were increased in Th17 cells, including glutamine, GABA, succinate, and fumarate (Fig. 3c) . These results suggest that GAT-2 expression and cellular GABA shunt pathway increase during the differentiation of Th17 cells from naïve T cells.
Next, we compared the metabolites in Slc6a13 Figure 2B) . Deoxyinosine, methylguanidine, and pseudouridine were decreased, while adenine, carnitine, thiamine, guanidinobutyric acid, and choline were increased in naïve T cells from Slc6a13 -/-mice (Fig. 3d) . After KEGG pathway analysis, thiamine metabolism was found to be different between two groups (Fig. 3e) . For Th17 cells, the levels of amino acids in the medium were first analyzed after 3 days of differentiation between two groups. A higher level of GABA was found in the medium of Th17 cells from Slc6a13 -/-mice, as compared to those from Slc6a13 +/+ mice (Fig. 3f) . There was no difference in the levels of other amino acids ( Supplementary  Figure 3) , suggesting that GAT-2 deficiency only affects GABA transport. Then, the cellular metabolites in Th17 cells were compared between those differentiated from Slc6a13 -/-naïve T cells and those from Slc6a13 +/+ naïve T cells. A significant difference about the cellular metabolites profile was found between two groups (Supplementary Figure 2C) . Vitamin B 2 increased, while 40 metabolites, such as GABA, glutamine, and succinate, decreased in Slc6a13 -/-Th17 cells (Fig. 3g) . Alanine, aspartate and glutamate metabolism, arginine and proline metabolism, glycerophospholipid metabolism, and riboflavin metabolism were affected in Th17 cells after GAT-2 deficiency (Fig. 3h) . Notably, the metabolites in GABA shunt pathway including glutamine, GABA, succinate, and fumarate, were decreased in Slc6a13 -/-Th17 cells (Fig. 3h) . These results suggest that GAT-2 deficiency inhibits GABA transport and cellular GABA shunt pathway during the differentiation of Th17 cells from naïve T cells.
Slc6a13 deficiency promotes Th17 cell differentiation through GABA-mTOR signaling Besides GAT-2, T cells also express other transporters for GABA transport, including GAT-1 and GAT-4. There was no alteration about the protein abundance of GAT-1 and GAT-4 in the Th17 cells after GAT-2 deficiency (Fig. 4a-c) ; thus, GAT-2 deficiency results in increase of GABA level in the medium (Fig. 3f ), but decrease of GABA level in Th17 cells (Fig. 3g) . To define the effects of GAT-2 deficiency on Th17 cell differentiation, Slc6a13
-/-and Slc6a13
naïve T cells were isolated and cultured under Th17 cell differentiation condition, and then the levels of IL-17 in the medium and percentages of Th17 cells were compared. There were higher levels of IL-17 in Slc6a13 -/-Th17 cells than Slc6a13
Th17 cells (Fig. 4g) . Also, the percentages of Th17 cells from Slc6a13 -/-naïve T cells were higher than those from Slc6a13 +/+ naïve T cells (Fig. 4h) . A previous study has shown that GABA promotes intestinal IL-17 expression through mTOR signaling, 6 and GABA signaling has been reported to affect the activation of cellular NF-κB and STAT signaling; 16, 17 thus, this study then compared the activation of cellular signaling pathways related to Th17 differentiation, including mTOR, p65, and STAT-3.
18,19
Slc6a13 deficiency promoted the activation of p65 and mTOR in the Th17 cells, while had little effect on the activation of STAT-3 (Fig. 4a, d-f ). These results suggested that Slc6a13 deficiency promotes Th17 cell differentiation may be through GABA-mTOR and p65 pathway.
To validate this, bicuculline (a GABA receptor specific inhibitor) was added to inhibit GABA signaling during Th17 cell differentiation from Slc6a13 -/-naïve T cells. Bicuculline significantly decreased the percentages of Th17 cells (Fig. 5a, b) , and inhibited the secretion of IL-17 from Th17 cells (Fig. 5c ), indicating that Slc6a13 deficiency promotes Th17 cell differentiation through GABA signaling. Indeed, GABA treatment in Slc6a13 +/+ naïve T cells promoted Th17 cell differentiation (Fig. 5d) , while bicuculline treatment inhibited the differentiation of Th17 cells from WT naïve T cells (Fig. 5e) . Notably, bicuculline inhibited the activation of mTOR in Th17 cells (Fig. 5f, g ); however, bicuculline had little effect on the activation of p65 and STAT-3 ( Fig. 5h-j) , suggesting that Slc6a13 deficiency promotes Th17 cell differentiation through GABA-mTOR signaling. To test this further, rapamycin was added to inhibit mTOR signaling during Th17 cell differentiation from Slc6a13 -/-naïve T cells. Rapamycin significantly lowered the percentages of Th17 cells (Fig. 5a, b) , inhibited the secretion of IL-17 from Th17 cells (Fig. 5c ) and the activation of mTOR in Th17 cells (Fig. 5f, g ); however, rapamycin had little effect on the activation of p65 and STAT-3 in Th17 cells (Fig. 5h-j) . Similarly, rapamycin treatment also decreased the percentages of Th17 cells from Slc6a13 +/+ naïve T cells (Fig. 5e) . Collectively, these results show that Slc6a13 deficiency promotes Th17 cell differentiation through GABA-mTOR signaling.
Slc6a13 deficiency promotes Th17 responses against C. rodentium and ETEC infection In the context of C. rodentium infection, Slc6a13 -/-mice had a reduced burden of C. rodentium in the colon, as compared to the Slc6a13 +/+ mice (Fig. 6a) . A higher frequency and a higher number of CD4 + IL-17 + cells in the spleen were observed in Slc6a13 -/-mice, as compared to the Slc6a13 +/+ mice (Fig. 6b) +/+ and Slc6a13 -/-mice (Fig. 6c) . Notably, naïve T cells from the spleen of Slc6a13 -/--infected mice were more likely to differentiate into CD4
+ IL-17 + T cells under Th17 polarization conditions, as compared to cells from Slc6a13 +/+ -infected mice (Fig. 6d) . Then, this study characterized the expression of cytokines related to Th17 responses in the colon of Slc6a13 +/+ -and Slc6a13 -/--infected mice. Although there was little change in the expression of Il-6 and Il-23 between Slc6a13
+/+ and Slc6a13
-/-mice, Slc6a13 -/-mice had higher expression of Il-1β, Il-17, and Tgf-β1 in the colon, as compared to the Slc6a13 +/+ mice (Fig. 6e) . Also, Slc6a13
-/-infected mice had higher percentages of Th17 cells in the MLN than those in Slc6a13 +/+ mice (Fig. 6f) . Similar to C. rodentium infection, ETEC-infected Slc6a13 -/-mice had lower bacterial burdens, as compared to Slc6a13 +/+ mice (Fig. 7a) . Also, Slc6a13 -/-mice had higher expression of Il-17 in the jejunum and higher percentage of Th17 cells in MLN after ETEC infection, compared to the Slc6a13 +/+ mice ( Fig. 7b-d ). In the LPS-challenged mouse model, Slc6a13 -/-mice had higher expression of Il-17 and Ifn-γ in the lung and jejunum, as compared to the Slc6a13 +/+ mice (Fig. 7e, f) . The expression of Il-22 was upregulated in the lung, but was down-regulated in the jejunum in Slc6a13 -/-mice after LPS challenge (Fig. 7e, f) . The inflammatory indices in the lung were also higher in Slc6a13 -/-mice after LPS challenge, as compared to the Slc6a13 +/+ mice (Fig. 7g, h ). To further validate the roles of Slc6a13 deficiency in Th17 cell responses during inflammation, LPS was added to the Th17 differentiation medium in both Slc6a13 +/+ naïve T cells and Slc6a13 -/-naïve T cells, and the percentages of Th17 cells were analyzed after 5 days of differentiation. After LPS challenge, the Slc6a13 -/-group had higher percentages of Th17 cells compared to the WT group (Fig. 7i, j) . Collectively, mice with Slc6a13 deficiency have higher Th17 responses during intestinal infection and LPS challenge.
Slc6a13 deficiency promotes Th17 responses in T cell adoptive transfer model of intestinal infection
To validate the intrinsic effect of GAT-2 on T cells, an adoptive transfer experiment was conducted in mice. Naive T cells from Slc6a13 +/+ and Slc6a13 -/-mice were isolated and then transferred to Rag1 -/-mice, which are infected with C. rodentium or ETEC after 24 h post transfer. After C. rodentium infection, although there was no difference about the percentages of IL-17 + cells within CD4
+ cells in the spleen of Slc6a13 +/+ CD4 + cell-transferred Rag1 -/-mice and Slc6a13 -/-CD4 + cell-transferred Rag1 -/-mice (Supplementary Figure 4A and B) , the percentages of IL-17 + cells within CD4
+ cells in the MLN of Rag1 -/-mice transferred with Slc6a13 -/-CD4 + cells were higher than those in Rag1 -/-mice transferred with Slc6a13 +/+ CD4 + cells (Fig. 8a, b) . Similarly, the percentages of IL-17 + cells within CD4 + cells in the MLN of ETECinfected Rag1
-/-mice transferred with Slc6a13 -/-CD4 + cells were higher than those in ETEC-infected Rag1 -/-mice transferred with Slc6a13 +/+ CD4 + cells (Fig. 8c, d ), although no difference was found in the spleen (Supplementary Figure 4C and D) . Summarily, these data suggest the intrinsic effect of GAT-2 on Th17 cell responses.
DISCUSSION
Th17 cells provide protection against bacterial infection, and are also associated with the development of autoimmune diseases because of the recruitment of cells in the granulocyte lineage, especially neutrophils. 20 Under the stimulation of TGF-β and IL-6, naïve T cells differentiate into Th17 cells, which produce the signature cytokine IL-17, but also secrete IL-17F, IL-21, IL-22, and IL-23. 21 The expression of transcription factor retinoic acid receptor-related orphan receptor-γt (RORγt) and the activation of STAT-3 and mTOR are the characteristics for Th17 differentiation. 19, [22] [23] [24] [25] There are also metabolic characteristics for Th17 cells, such as glycolysis, glutaminolysis, and fatty acid synthesis, compared to naïve T cells dependent on the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS). 26 However, the metabolic pathways that shape the differentiation of Th17 cells are not fully known. We compared the cellular metabolites in Th17 cells and naïve T cells, and found that alanine, aspartate and glutamate metabolism, arginine and proline metabolism, purine metabolism, glycine, serine and threonine metabolism, and riboflavin metabolism are altered during Th17 cell differentiation. This suggests that the metabolites in these pathways affect the T cell function and the differentiation of Th17 cells. Arginine has been shown to affect the cellular metabolism and survival of T cells, 27 while serine promotes the effector T cell expansion through serine, glycine, one-carbon metabolic network. 28 Interestingly, this study found that the GABA shunt pathway increases in Th17 cells, suggesting it may regulate the activation and differentiation of T cells, similar to macrophages. 29 Other known pathways that define Th17 cells, such as glycolysis and pentose phosphate pathway, are not found in this study. The possible explanation is that this study used LC-QqQ-MS to analyze the metabolites in T cells, which is targeted metabolomics to analyze only 206 metabolites, rather than all metabolites in T cells.
In this study, we found that the cellular level of GABA and protein abundance of GAT-2 increased during Th17 cell differentiation, indicating that they are associated with its activation and differentiation. Similarly, a previous study reported that resting lymphocytes express GAT-1 whereas activated lymphocytes express at least one of the GAT-1 and GAT-2.
7 GAT-1 is negatively involved in T cell activation and T cell-mediated responses because GAT-1 deficiency promotes activation of NF-κB signaling pathway and phosphorylation of Jnk. 8, 9 In this study, GAT-2 deficiency is found to promote Th17 cell differentiation in vitro, and IL-17 expression in mouse model of intestinal infection and inflammation. Notably, the T cell-specific effects of GAT-2 are also validated with a T cell adoptive transfer model of infection. GAT-2 deficiency increases the level of GABA in the medium, and affects the cellular metabolism in Th17 cells, especially, the defect of the GABA shunt pathway. However, the influence of GAT-2 deficiency on other metabolic pathways of Th17 cells, like glycolysis and OXPHOS, remains to know. This suggests that GAT-2 deficiency promotes the differentiation Th17 cells may through cellular GABA. In mouse and piglet model of intestinal infection, GABA promotes the differentiation of Th17 cells and expression of IL-17 through the mTORC1 pathway. 6 Similarly, this study found that GAT-2 deficiency promotes Th17 cell differentiation through GABA-mTOR signaling. However, whether GAT-2 deficiency promotes Th17 cell differentiation through other metabolic pathways or signaling pathways is unknown, given that GAT-2 deficiency affects arginine and proline metabolism, glycerophospholipid metabolism, and riboflavin metabolism in Th17 cells. Also, in the mouse model of infection, GAT-2 deficiency promotes the expression of intestinal TGF-β1 and IL-1β, both of which have vital roles in Th17 differentiation. [30] [31] [32] Thus, GAT-2 deficiency might promote Th17 responses in vivo by affecting the cytokine milieu for Th17 cell differentiation. Another interesting study also showed that BGT-1 is present in T cells. 2 However, it is unknown whether BGT-1 also affects T cell-mediated responses in a manner similar to that of GAT-1 and -2.
In this study, the deficiency of GAT-2 has little effect on the T cell development and peripheral T cell homeostasis. Indeed, the expression of GAT-2 is hardly detected on naïve T cells, and there is little change in the metabolic pathway of naïve T cells after GAT-2 deficiency, except thiamine metabolism. Similarly, GAT-1 deficiency has little effect on the ratio of CD4 + /CD8 + thymocytes, and the number of CD4 + cells and CD8 + cells in the spleen. 9 However, it is interesting to know that whether GAT-2 deficiency affects other immune cells, such as macrophages. Besides to GAD and GABA receptor, 1 macrophages also express GAT-2 and BGT-1 (unpublished data). GAT-2 is also detected 
IL-17
+ cells in the MLN of Slc6a13 +/+ and Slc6a13 -/-mice after 5 days of ETEC infection. Data were analyzed by Mann-Whitney test and shown as the means ± SD. e, f Relative mRNA expression of indicated cytokines in mouse lung or jejunum samples after 48 h of LPS challenge in indicted mouse model (n = 10). Data were analyzed by unpaired t-test and shown as the means ± SEM. g, h The inflammation in the lung was analyzed with H&E staining after 48 h of LPS challenge in the indicted mouse model. Data were analyzed by unpaired t-test and shown as the means ± SD. i, j Flow cytometry analysis of Th17 cells after LPS treatment. Naïve T cells were isolated from Slc6a13 +/+ and Slc6a13 -/-mice and cultured in Th17 differentiation medium. LPS were used with 1 μg/ml. Data were analyzed by unpaired t-test and shown as the means ± SEM. Data shown are representative of two independent experiments with n = 3-5 in each experiment -/-group, and 5 in GAT-2 -/-to Rag1 -/-group in other subtypes of T cells; thus, it remains to know whether GAT-2 regulates the differentiation of other subtypes of T cells, including Th1 cells, Th2, Th9, Th22, and Treg cells. Interestingly, previous study found that GAT-1 deficiency promotes the Th1 responses in the mouse model of experimental autoimmune encephalomyelitis. 8 Notably, GABA shows anti-inflammatory action through inhibiting of major inflammatory events. For example, GABA signaling ameliorates the inflammation in experimental autoimmune encephalomyelitis. 2 Oral GABA treatment ameliorates the inflammatory process both in non-obese diabetic mice 33 and in a mouse model of rheumatoid arthritis. 34 Also, GABA A agonists are beneficial in experimental encephalomyelitis 2 and allergic asthma, 35 and GABA B agonists exhibit a positive effect in dermatitis models. 36 This study shows that GABA signaling promotes the differentiation of Th17 cells in vitro, and Th17 cell responses in the mouse model of intestinal infection and inflammation. Indeed, our previous study also found that GABA increases intestinal Il-17 expression in the context of ETEC infection, while GABA synthetic enzyme blockers (L-allyglycine or semicarbazide) and GABA receptor antagonists (bicuculline or CGP-35348) inhibit intestinal Il-17 expression during ETEC infection. 6 There are various possible reasons for this discrepancy, such as animal model. We hypothesize that the influence of GABAergic system on different immune cells (e.g., macrophages, T cells, and B cells), or even on different subtypes of immune cells (e.g., Th1, Th17, and Treg cells), differs. Also, the component of GABAergic system regulates the function of immune system may be through other mechanisms, rather than the GABA signaling.
In conclusion, there is significant metabolic profile between naïve T cells and Th17 cells, especially in the GABA shunt pathway. GAT-2 deficiency has little effect on the metabolic pathways in naïve T cells, and has little effect on the T cell development and peripheral T cell homeostasis. However, GAT-2 deficiency impairs the GABA uptake and GABA shunt pathway in Th17 cells, and promotes the Th17 cell differentiation through the activation of GABA-mTOR signaling. In the mouse model of intestinal infection and inflammation, GAT-2 deficiency promotes the Th17 responses.
